NHE8; mucosal layer; Salmonella MEMBERS OF THE Na ϩ /H ϩ exchanger (NHE) family are key transporters in many physiological functions and are expressed in a broad range of tissues. NHE functions include intracellular pH homeostasis, cell volume regulation, and electroneutral NaCl absorption in the epithelia. Nine NHE isoforms have been cloned and identified. The isoforms differ by tissue distribution, membrane localization, inhibitor sensitivities, and physiological regulation (7, 24, 35, 43, 44) . Four NHE isoforms have been identified in the intestinal tract. NHE1, a basolateral membrane protein in the intestinal epithelial cells, participates in intracellular pH regulation (5, 25) . NHE2 and NHE3 are apical membrane proteins in the epithelial cells: NHE2 is crucial for parietal cell viability, and NHE3 plays important roles in Na ϩ absorption (28, 29) . NHE8, the newest member of the NHE family, has been detected in liver, skeletal muscle, kidney, testes, and intestinal tract (8, 9, 36) . In the intestinal tract, NHE8 expression level is the highest early in development, and its function is closely regulated in the course of development by EGF, glucocorticoids, and inflammatory cytokines (34, 39 -41) . Although NHE8 has been shown to play important roles in Na ϩ absorption, there is much to learn about this newest NHE. Earlier this year, we reported a possible role for NHE8 in gastric mucosal protection in mice (38) .
Previously, we showed that ablation of NHE8 function in mice resulted in reduced expression of downregulated in adenoma (DRA) and Muc2 genes (42) . Muc2, the major colonic secretory mucin in humans and mice, is a key structural component of the mucus layer (16, 33) . The mucus layer covers the epithelial surface of the gastrointestinal tract and serves as the first line of defense against the luminal contents and plays an important role in preventing the adhesion of microorganisms to host surfaces (16, 19) . In mice lacking Muc2 expression, the mucus layer was abolished, resulting in direct contact between bacteria and epithelial cells, which could trigger an inflammatory response (16, 32) . Mice lacking NHE3 expression develop spontaneous colitis, and these animals have an inner mucus layer that is penetrated by bacteria (14, 18) .
Because our newly established NHE8-knockout (NHE8 Ϫ/Ϫ ) mouse model has reduced Muc2 mRNA expression and is susceptible to gastric ulcer formation, we hypothesized that NHE8 protects the intestinal epithelium from bacterial adhesion and participates in mucus layer formation. Our results indicate that NHE8 indeed plays an important role in protecting the host from bacterial infection by hindering adherence of infectious bacteria to the intestinal epithelial surface.
MATERIALS AND METHODS

Animals. NHE8
Ϫ/Ϫ mice were generated from NHE8 ϩ/Ϫ breeding pairs with mixed genetic background (129/Swiss Webster), as previously described (38) . Male 8-to 12-wk-old mice were used in this study. All animal work was approved by the University of Arizona Institutional Animal Care and Use Committee.
Bacterial culture. Salmonella typhimurium ATCC 14028 (American Type Culture Collection, Manassas, VA) was cultured in tryptone soy broth at 37°C overnight with shaking. Lactobacillus plantarum JDM1 was obtained from Shanghai Jiao Tong University (Shanghai, China) and inoculated in De Man, Rogosa, and Sharpe (MRS) broth at 37°C for 24 h under anaerobic conditions (45, 46) . The number of bacteria was estimated by measurement of the absorbance at 600 nm and correlation of the absorbance value to a standard curve of colony-forming units (CFU) on MRS agar (Merck) in preliminary experiments.
Cell culture. Caco-2 cells (American Type Culture Collection) were cultured in MEM containing 20% fetal bovine serum, 1% nonessential amino acids, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were grown at 37°C in a 5% CO 2 atmosphere.
Fluorescence detection of mucosal structure and bacteria in mice.
Distal colon was collected from 8-wk-old mice and fixed in methanolCarnoy's fixative solution, as previously reported (16) . Sections were stained with anti-MUC2C3 antiserum with Alexa 488-conjugated anti-rabbit immunoglobulins (Life Technologies) and 4=,6-diamidino-2-phenylindole. Bacteria were detected by the fluorescent in situ hybridization (FISH) method using the general bacterial rRNA probe EUB338 conjugated with Alexa 555 (16) . The images were acquired using a fluorescence microscope (Eclipse E1000) with a ϫ40/0.75 differential interference contrast objective (Nikon).
Quantification of a specific bacterial group in the distal colon. Distal colon from 8-wk-old mice was collected. Luminal contents were removed gently and rinsed with sterilized PBS. Total DNA and RNA were extracted using the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA). Quantitative PCR (qPCR) analysis was performed using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). The abundance of specific intestinal bacterial groups was detected using a real-time PCR detection system (model CFX96, Bio-Rad). All qPCR results were checked for specificity by melting-curve analysis. To determine the total amount of commensal bacteria in each intestinal segment, the 16S rRNA gene was amplified using the conserved 16S rRNA-specific primers EubacF and EubacR (Table 1) . To determine the abundance of specific intestinal bacteria, group-specific 16S rRNA gene primers (Table 1) were used. All PCR results were normalized by the mouse GAPDH gene.
Dextran sodium sulfate treatment in wild-type and NHE8 Ϫ/Ϫ mice. Twelve-week-old mice were fed 3.0% (wt/vol) dextran sodium sulfate (DSS; Sigma-Aldrich, St. Louis, MO) for 6 days. Animals were observed daily for body weight, morbidity, stool consistency, and the presence of gross blood in the feces. Disease activity index (DAI) was determined from combined scores of body weight loss, stool consistency, and fecal hemoccult following the method described previously (27) . For body weight loss score, 0 represents 0 -9%, 1 represents 10 -19%, and 2 represents Ն20%. Mice that lost Ͼ20% of their body weight before the end of DSS treatment were euthanized and excluded from further analysis. For stool consistency score, 0 represents no stools adherent to the anus and 1 represents diarrhea with liquid stools adherent to the anus. For hemoccult score, 0 represents no blood and 1 represents positive hemoccult (hemoccult kit, Beckman Coulter). On day 6 of DSS treatment, mice were euthanized, and the distal colon was collected for RNA and protein extraction.
NHE8 small interfering RNA transfection. Caco-2 cells were seeded on six-well plates and grown to 80% confluence. Transfection was performed using HiPerFect transfection reagent (Qiagen) and NHE8 small interfering RNAs (siRNAs) at 5 nM (NM_015266.1_STEALTH_867 and NM_015266.1_STEALTH_738, Invitrogen, Carlsbad, CA). Silencing efficiency was evaluated by qPCR and Western blotting. siRNA assay was conducted in triplicate over three to five successive passages of Caco-2 cells.
Bacterial infection in Caco-2 cells. Late exponential cultures of S. typhimurium and L. plantarum were adjusted with culture medium to an optical density at 600 nm corresponding to 1 ϫ 10 8 cells/ml. Bacteria were washed twice with PBS and resuspended in MEM before use. Caco-2 cells were rinsed three times with PBS, and bacteria were added at multiplicity of infection of 100. Cells were incubated with bacteria for 2 h at 37°C in 5% CO 2-95% air. Unattached bacteria were removed from the cells by four washes with PBS. qPCR was performed to determine cell-bound bacteria using genusspecific primers following a method described previously (3, 20) . Briefly, 20 l of cell suspension were incubated with 3.8 l of trypsin inhibitor solution at room temperature for 10 min. PCR amplification was carried out in a 20-l final volume containing 2 l of cell suspension, 10 l of iQ SYBR Green Supermix (Bio-Rad), and each primer at 0.2 M. qPCR was performed in the CFX96 real-time PCR detection system, and SYBR Green I fluorophore was used to correlate the amount of PCR product with the fluorescent signal. The pCR 2.1 vector containing the genus-specific gene was constructed and used as an internal standard. Since the copy numbers of standard plasmid could be quantified, serial dilutions of the plasmid were PCR-amplified to represent the number of bacteria, which ranged from 1 ϫ 10 7 to 1 ϫ 10 3 CFU/l. S. typhimurium infection in mice. Eight-week-old mice were housed individually under standard barrier conditions in cages equipped with steel-grid floors. At 4 h after water and food were withdrawn, mice were gavaged with streptomycin (20 mg in 100 l of sterile water), and water and food were supplied again. At 24 h after streptomycin treatment, water and food were withdrawn again for 4 h. Then mice were gavaged with 10 8 CFU of S. typhimurium (100-l suspension in PBS) or PBS. Drinking water was offered immediately, and food was supplied 2 h after gavage. Mice were euthanized 7 days after infection, and the distal colon was collected for Salmonella assay.
Quantification of Salmonella in distal colon. Distal colon was collected and rinsed with sterilized PBS. Total DNA was extracted using the Allprep DNA/RNA Mini Kit. Semiquantitative PCR was used to amplify adhered Salmonella bacteria, as DNAs from commensal bacteria interfered with the qPCR. Salmonella species-specific 16S rRNA primers (MinF and MinR) were used to amplify Salmonella bacteria. The conserved 16S rRNA-specific primers (EubacF and EubacR) were used to amplify total bacteria. The amplicon was separated on 1.5% agarose gel and analyzed using Bio-Rad Quantity One software. The abundance of Salmonella was determined by comparing the density of the Salmonella-specific band with the density of the conserved 16S rRNA band.
RNA isolation and qPCR detection. Total RNA was isolated from tissues and cells using TRIzol reagent (Invitrogen) or the RNeasy Mini Kit (Qiagen). RNA (2 g) was reverse-transcribed using Moloney murine leukemia virus reverse transcriptase (Promega, Madison, Protein preparation and Western blot detection. Tissues and cells were homogenized in a small volume of RIPA buffer on ice. Resulting lysates were centrifuged at 15,000 rpm for 10 min at 4°C. Supernatants were collected and used for Western blotting. NHE8 antibody (1:2,500 dilution) (36), ␤-actin antiserum (1:20,000 dilution; SigmaAldrich), and TNF␣ antibody (1:1000 dilution; Santa Cruz Biotechnology) were used to detect NHE8, ␤-actin, and TNF␣ protein abundance, respectively. The ratio of target protein intensity to ␤-actin protein intensity was used for quantification of protein expression.
Statistical analysis. Student's t-test was used to compare experimental data. P Յ 0.05 was considered significant.
RESULTS
Abundance of bacterial groups attached on the surface of the colon in NHE8
Ϫ/Ϫ mice. Distal colon was collected from 8-wk-old wild-type and NHE8 Ϫ/Ϫ mice. DNA was isolated for PCR analysis. The major groups of commensal bacteria adhered to the mucosal surface were quantified by qPCR with group-specific primers. PCR results indicate a significant increase in total bacteria adhered at the mucosal surface in the distal colon of NHE8 Ϫ/Ϫ mice (1.00 Ϯ 0.26 and 4.55 Ϯ 0.97 in wild-type and NHE8 Ϫ/Ϫ mice, respectively, n ϭ 30, P Ͻ 0.01; Fig. 1 ). The change was mainly associated with a significant increase in Bacteroidetes, Lactobacillus, and Firmicutes bacteria and in segmented filament bacteria. As shown in Fig.1 , Bacteroidetes species increased from 1.00 Ϯ 0.40 in wild-type mice to 8.85 Ϯ 2.11 in NHE8 Ϫ/Ϫ mice (n ϭ 30, P Ͻ 0.01), Lactobacillus species increased from 1.00 Ϯ 0.20 in wild-type mice to 7.09 Ϯ 1.50 in NHE8 Ϫ/Ϫ mice (n ϭ 30, P Ͻ 0.01), Firmicutes species increased from 1.00 Ϯ 0.23 in wild-type mice to 2.34 Ϯ 0.61 in NHE8 Ϫ/Ϫ mice (n ϭ 30, P Ͻ 0.05), and segmented filament bacteria increased from 1.00 Ϯ 0.22 in wild-type mice to 2.60 Ϯ 0.58 in NHE8 Ϫ/Ϫ mice (n ϭ 30, P Ͻ 0.05).
Cytokine expression in the colon of NHE8 Ϫ/Ϫ mice. Because more bacteria attached to the colonic epithelial surface in
NHE8
Ϫ/Ϫ mice, we evaluated cytokine gene expression in the distal colon of NHE8 Ϫ/Ϫ mice. As shown in Fig. 2 , mRNA expression of IL-1␤, IL-4, IL-6, and TNF␣ was markedly increased in the distal colon in NHE8 Ϫ/Ϫ mice. Compared with wild-type mice, the expression of IL-1␤, IL-4, IL-6, and TNF␣ in NHE8 Ϫ/Ϫ mice was increased to 2.00 Ϯ 0.43, 5.31 Ϯ 1.11, 2.08 Ϯ 0.50, and 1.54 Ϯ 0.22, respectively (n ϭ 16, P Ͻ 0.05). Interestingly, the expression of IFN␥ remained unchanged (1.00 Ϯ 0.24 and 1.19 Ϯ 0.40 in wild-type and NHE8
Ϫ/Ϫ mice, respectively, n ϭ 16).
Immunohistochemical and FISH staining of the mucus layer in NHE8
Ϫ/Ϫ mice. Immunohistochemical staining with anti-MUC2C3 antiserum was used to visualize the mucus layer of the distal colon fixed in methanol-Carnoy's solution. As shown in Fig. 3 , colonic epithelial cells in the wild-type mice were covered by a stratified and well-organized inner mucus layer, whereas this mucin layer was less organized in the colon of the NHE8 Ϫ/Ϫ mice. FISH staining with bacteria-specific probes showed that bacteria were only detected in the outer mucus layer and were excluded from the inner stratified layer in wild-type mice (Fig. 3, left) . In NHE8 Ϫ/Ϫ mice, the colonic epithelium was covered by a disorganized mucus layer and bacteria directly contacted the epithelial surface (Fig. 3, right) .
Colonic NHE8 and TNF␣ expression in DSS-treated wildtype mice. To test whether DSS-induced mucosal injury affected colonic NHE8 expression, wild-type mice were fed 3% DSS water for 6 days and the distal colon was collected for NHE8 and TNF␣ expression assay. As indicated in Fig. 4 , NHE8 mRNA expression was decreased from 1.00 Ϯ 0.10 in control mice to 0.48 Ϯ 0.20 in DSS-treated mice, and NHE8 protein expression was reduced from 0.25 Ϯ 0.02 in control mice to 0.08 Ϯ 0.001 in DSS-treated mice (n ϭ 20, P Ͻ 0.01; Fig. 4A ). Interestingly, DSS-induced inhibition of NHE8 expression was not detected in the small intestine (data not shown). DSS treatment also dramatically increased TNF␣ expression in the distal colon. TNF␣ mRNA expression was increased from 1.04 Ϯ 0.09 in control mice to 12.47 Ϯ 3.60 in DSS-treated mice, and TNF␣ protein expression was increased from barely detectable (0.005 Ϯ 0.005) in control mice to a very strong signal (0.56 Ϯ 0.08) in DSS-treated mice (n ϭ 16, P Ͻ 0.05; Fig. 4B) .
Susceptibility of NHE8 Ϫ/Ϫ mice to DSS treatment. To test whether NHE8 participates in mucosal protection, NHE8 
NHE8
Ϫ/Ϫ mice showed severe symptoms compared with DSStreated wild-type mice. Body weight loss was more dramatic in NHE8 Ϫ/Ϫ than wild-type mice. NHE8 Ϫ/Ϫ mice showed measurable body weight loss at day 2 of DSS treatment, but wild-type mice showed measurable body weight loss at day 4 of DSS treatment. By day 6, NHE8 Ϫ/Ϫ mice lost 23% of body weight, while wild-type mice only lost 12% of body weight (n ϭ 16, P Ͻ 0.05; Fig. 5A ). Survival rate after DSS treatment
WT KO
100 μm 100 μm 20 μm 20 μm Fig. 3 . Mucus and bacteria stain in the distal colon of NHE8 Ϫ/Ϫ mice. Distal colon was sectioned and used for Muc2 and 4=,6-diamidino-2-phenylindole staining. Muc2-positive goblet cells and overlaying mucus layers were detected by anti-MUC2C3 antiserum (green). Nuclei were counterstained with 4=,6-diamidino-2-phenylindole (blue). Bacteria were detected using the general bacterial probe EUB338-Alexa Fluor 555 (red). Top: low-power (ϫ10) magnification; bottom: highpower (ϫ40) magnification. was also lower in NHE8 Ϫ/Ϫ mice: at the end of DSS treatment, only 40% of NHE8 Ϫ/Ϫ mice survived, while all wild-type mice survived (Fig. 5B) . DAI also reflected the severity of the response of NHE8 Ϫ/Ϫ mice over the course of DSS treatment. DAI was significantly higher in NHE8 Ϫ/Ϫ mice at day 3 of DSS treatment and remained higher than in wild-type mice throughout the rest of the treatment (Fig. 5C) . In wild-type and NHE8 Ϫ/Ϫ mice, TNF␣ expression was elevated and at a similar level in the two DSS-treated groups (data not shown).
NHE8 siRNA transfection and bacterial adhesion assay in Caco-2 cells. To further investigate the role of NHE8 in bacterial adhesion in the intestinal epithelial cells, NHE8 siRNA was used to silence NHE8 gene expression in Caco-2 cells. Caco-2 cells were transfected with NHE8 siRNAs, and knockdown efficiency was analyzed by measurement of NHE8 expression. As shown in Fig. 6A , NHE8 mRNA expression was reduced to 56% in siRNA-transfected cells 48 h after transfection (n ϭ 3, P Ͻ 0.05), and NHE8 protein production was decreased to 40% in siRNA-transfected cells 72 h after transfection (n ϭ 3, P Ͻ 0.05). NHE8 siRNA-induced inhibition of NHE8 expression was very specific, because NHE8 siRNAs had no effect on other NHEs (data not shown). To test the role of NHE8 protein in bacterial adhesion, normal Caco-2 cells or NHE8 siRNA-transfected Caco-2 cells were treated were transfected with 5 nM NHE8 small interfering RNA (siRNA). Total RNA was isolated 48 h after transfection, and real-time PCR was performed to determine NHE8 mRNA expression (top). Total protein was extracted 72 h after transfection, and Western blotting was used to evaluate NHE8 protein expression (bottom). siRNA-NC, negative control siRNA; siRNA-NHE8, NHE8 siRNA. Values are means Ϯ SE from 3 separate experiments. *P Յ 0.01. B: NHE8 siRNA-transfected Caco-2 cells were infected with Salmonella typhimurium and Lactobacillus plantarum. Number of bacteria attached to cells was calculated by quantitative PCR using speciesspecific primers. Values are means Ϯ SE from 5 separate experiments. *P Յ 0.05.
with S. typhimurium and L. plantarum for 2 h and adhered bacteria were determined by qPCR. As shown in Fig. 6B , S. typhimurium and L. plantarum could effectively adhere to normal and NHE8 siRNA-transfected Caco-2 cells. In nontransfected cells, the adhesion rate of S. typhimurium and L. plantarum was 18,000 Ϯ 2,100 and 1,500 Ϯ 380 per 100 cells, respectively. In siRNA-transfected cells, the adhesion rate of S. typhimurium was significantly increased to 36,200 Ϯ 9,400 per 100 cells (n ϭ 4, P Ͻ 0.05). However, no difference in L. plantarum adherence was seen in NHE8 siRNA-transfected cells (1,500 Ϯ 380 per 100 cells).
Abundance of S. typhimurium attached on the colonic surface in NHE8
Ϫ/Ϫ mice. To test whether S. typhimurium has a similar adhesion pattern in vivo, wild-type and NHE8
Ϫ/Ϫ mice were gavaged with S. typhimurium. At 7 days after gavage, the mice were euthanized and the distal colon was collected. Because the abundance of bacteria on the mucosal surface of the colon interfered with the qPCR, semiquantitative PCR using S. typhimurium-specific primers and conserved bacterial 16S rRNA primers was performed to determine the abundance of S. typhimurium adhered to the colonic surface. As shown in Fig. 7 , S. typhimurium DNA was detected in mice gavaged with S. typhimurium, but not in mice gavaged with PBS (Fig.  7A) . Furthermore, S. typhimurium adhesion on the mucosal surface of the distal colon was significantly increased in NHE8 Ϫ/Ϫ mice compared with wild-type mice (1.05 Ϯ 0.16 and 2.13 Ϯ 0.45 S. typhimurium-specific primers/16S rRNAspecific primers in wild-type and NHE8
Ϫ/Ϫ mice, respectively, n ϭ 16, P Ͻ 0.05; Fig. 7B ).
DISCUSSION
Mammalian NHE isoforms, even the four intestinal isoforms, vary in their functions, tissue distributions, and membrane localizations. NHE1 is located at the basolateral membrane and regulates intracellular pH and cellular volume. NHE2, NHE3, and NHE8 are located at the apical membrane in the intestinal epithelial cells and contribute to intestinal Na ϩ absorption. Na ϩ absorption early in development is primarily mediated by NHE8, whereas Na ϩ absorption in adults is primarily mediated by NHE2 and NHE3 (4, 35, 36) . Loss of function for each individual NHE isoform showed various abnormalities in mice: growth retardation and epilepsy in NHE1 Ϫ/Ϫ mice (2, 6), progressive loss of parietal cells in NHE2 Ϫ/Ϫ mice (28), diarrhea, impaired acid-base balance, and a greater propensity to develop colon inflammation in NHE3 Ϫ/Ϫ mice (18, 29) , and decreased Muc2 gene expression in the colon and susceptibility to development of gastric ulcer in NHE8
Ϫ/Ϫ mice (38, 42 ). In the current study, we showed that loss of NHE8 expression resulted in a significant increase in the total number of attached bacteria in the distal colon in mice. Increased bacteriaepithelia interaction may trigger inflammatory responses. In fact, the expression of inflammatory cytokines, especially IL-4, was dramatically increased in the distal colon in NHE8 Ϫ/Ϫ mice. For intestinal inflammation, IFN␥ is a key effector of the T helper (Th) type 1 (Th1) response, and IL-4 is a major player in the Th type 2 (Th2) response (12, 13) . Unlike NHE3 Ϫ/Ϫ mice, which showed a dramatic increase in IFN␥ expression (18) , NHE8
Ϫ/Ϫ mice showed significantly increased IL-4 expression. This suggests the presence of a Th2-like, rather than a Th1-like, response. Thus abnormal NHE8 function may contribute to gut inflammation.
Muc2 is the major colonic secretory mucin in humans and mice (16, 33) . In the colon, Muc2 organizes the mucus into two layers, an inner layer and an outer layer. The inner layer, a well-organized, attached, and stratified mucus layer, is converted to a loose outer mucus layer (15, 16) . The inner mucus layer is normally impenetrable to bacteria, whereas the outer is the habitat for the commensal bacteria (14 -16) . Loss of the inner mucus layer results in excessive bacteria on the surface of the epithelial cells and induces colitis (16 
NHE8
Ϫ/Ϫ mice (42) . Recently, we showed that NHE3 Ϫ/Ϫ mice have a mucus layer that is penetrable to bacteria (14) . In the current study, we found that NHE8 Ϫ/Ϫ mice have increased bacterial adhesion, elevated inflammatory cytokine expression, and disorganized mucin layer in the distal colon. Together, these observations suggest a role for NHE8 in colonic mucosal protection. Since NHE3 and NHE8 involve mucosal protection, it is possible that the absence of either of these transporters in the colon causes ion or pH alterations that result in a defective inner mucus layer. Future studies are needed to understand the mechanism(s) of NHE involvement in forming the mucin layer.
We previously reported that NHE8 expression in the small intestine was inhibited in 2,4,6-trinitrobenzene sulfonic acidinduced colitis and that TNF␣ inhibited NHE8 expression at the basal promoter activation level (34) . Similar results were observed in mice treated with DSS. In the distal colon of DSS-treated wild-type mice, NHE8 expression was significantly reduced by 62% at the mRNA level and by 75% at the protein level. DSS treatment also stimulated colonic TNF␣ production by 12-fold at the mRNA level and by 110-fold at the protein level. Because TNF␣ production was increased by DSS treatment, the reduced NHE8 expression observed here is most likely due to the elevated TNF␣ level.
Our previous study showed that mice lacking NHE3 expression were susceptible to DSS treatment (17) . In the current study, we showed that loss of NHE8 expression in mice also increased susceptibility to DSS-induced intestinal epithelial injury. Compared with wild-type mice, DSS-treated NHE8 Ϫ/Ϫ mice developed more rapid body weight loss, accelerated mortality, and higher DAI. Thus normal NHE8 function is important for protecting the epithelia from injury in the colon. Since TNF␣ expression did not increase further in DSS-treated NHE8 Ϫ/Ϫ mice, the low survival rate in DSS-treated NHE8 Ϫ/Ϫ mice was unlikely the result of excessive TNF␣ production. The cause of high mortality in DSS-treated NHE8 Ϫ/Ϫ mice remains unclear. NHE8 Ϫ/Ϫ mice displayed a disorganized mucus layer and increased bacterial adhesion in the distal colon, which suggests that NHE8 may play a role in regulating bacterial adhesion. To understand whether NHE8 participates in bacterial adhesion, we tested the attachment of S. typhimurium and L. plantarum to cultured Caco-2 cells. S. typhimurium, one of the most common food-borne enteropathogens, adheres to the brush border of intestinal cells to damage the tight junction and cause severe diarrhea (11, 30) . L. plantarum, a nonpathogen bacterium, is widely used in the probiotic industry. Under normal conditions, S. typhimurium and L. plantarum could adhere to the surface of Caco-2 cells. In Caco-2 cells transfected with NHE8 siRNA, NHE8 expression was significantly reduced at mRNA and protein levels, and the number of attached bacteria was increased by twofold in S. typhimurium, but not in L. plantarum. Further in vivo study using S. typhimurium-infected mice confirmed this observation. The adhesion rate of S. typhimurium in the distal colon was twofold higher in NHE8 Ϫ/Ϫ than wild-type mice. These findings indicate that NHE8 protein indeed protected the host from bacterial adhesion, and the protective role is likely via its selective effect on blocking infectious bacterial adherence to the intestinal epithelial cells. Future studies are needed to explore the mechanism of NHE8 against enteropathogenic bacteria, such as S. typhimurium infection.
In summary, in NHE8 Ϫ/Ϫ mice, bacterial adhesion was increased in the disorganized mucus layer, which likely triggered a Th2-like inflammatory response. DSS treatment greatly reduced NHE8 expression, and loss of NHE8 increased susceptibility to DSS-induced mucosal injury in mice. Furthermore, lack of NHE8 expression in epithelial cells resulted in significantly enhanced adhesion of enteropathogenic S. typhimurium in cultured intestinal epithelial cells and in mice. We concluded that NHE8 plays important roles in preventing commensal bacteria from reaching the epithelial surface via its effect on mucus layer formation. 
